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I. INTRODUCTION
Quantum dots ͑QDs͒ based on semiconductor materials have a great potential for applications in optoelectronic devices. In particular, much effort has been dedicated in the past few years to develop QD laser diodes emitting at the telecommunication bands. One recent approach is based on the possibility of extending the emission wavelength of selfassembled InAs/GaAs QDs to the 1.3 and 1.55 m regions by using a GaAsSb capping layer. [1] [2] [3] [4] [5] Room-temperature photoluminescence ͑PL͒ at 1.6 m has already been reported from these structures. 3, 4 The strong observed redshift has been typically attributed to a type-II band alignment for high Sb contents, with the hole wave function being localized out of the QD in the GaAsSb capping layer. 3, 4, [6] [7] [8] [9] Nevertheless, apart from a few studies dedicated to analyze the emission from type-II samples, [6] [7] [8] [9] [10] not much attention has been paid to the evolution of the optical properties of GaAsSb-capped InAs/GaAs QDs with the amount of Sb in the capping layer. Moreover, the effect that different Sb contents could have in the structural properties of the QDs is still unknown. The fact that GaAsSb acts as a strain reducing layer for InAs/GaAs QDs, together with the surfactant effect of Sb, could lead to an altered capping process that could modify the final size and/or shape of the QDs. It is well known that strong QD size and shape changes usually take place during the capping process and that these changes are dependent on the capping material used. [11] [12] [13] [14] [15] [16] [17] Indeed, a size modification compared to GaAs-capped QDs has already been observed in GaAsSbcapped QDs with 22% Sb, 18 but the effect of small amounts of Sb remains unknown and a dependence on the Sb content has never been established. These structural changes are of crucial relevance because they will strongly affect the optical properties of the QD system. Therefore, detailed information about the QD-capping layer structure as a function of the Sb content and its relationship with the optical properties would be very useful in order to understand the physics of GaAsSbcapped QDs and to fully exploit these structures for telecommunication wavelength applications.
In this work, we have used PL, cross-sectional scanning tunneling microscopy ͑X-STM͒ and atomic force microscopy ͑AFM͒ to correlate the Sb-induced changes in the optical properties of the QDs with structural changes at the atomic scale, revealing that only the Sb-induced structural changes can explain the two different optical regimes that we find when the Sb content in the capping layer is gradually increased. We show that within the first regime the QD height can be controllably tuned allowing to obtain roomtemperature PL emission at 1.3 m with improved characteristics compared to the reference GaAs-capped QDs.
II. EXPERIMENTAL DETAILS
The samples were grown by solid source molecular beam epitaxy on n + Si-doped ͑100͒ GaAs substrates. A series of 11 samples containing a single QD layer was grown for PL studies. In all these samples, 2.7 monolayers ͑MLs͒ of InAs were deposited at 450°C and 0.04 ML/s on an intrinsic GaAs buffer layer. After InAs deposition, a 30 s growth interruption under arsenic flux was performed during which the temperature was raised to 470°C. The QDs were subsequently capped with a nominally 4.5-nm-thick GaAs 1−x Sb x layer grown at 470°C followed by 10 MLs of GaAs grown at the same temperature. The Sb content was nominally changed from 0 to 25% by keeping a constant high arsenic flux and increasing the antimony flux resulting in values of the Sb 4 / As 4 beam equivalent pressure ratio between 0 and 0.05. 200-250 nm of GaAs grown at 580°C were finally deposited on top of the GaAsSb capping. A layer of similar uncapped QDs was also grown on the surface of every sample for AFM measurements. Four of the GaAsSb-capped QD layers with different Sb contents were reproduced in a single sample ͑separated from each other by 50 nm of GaAs͒ for X-STM measurements. The surface of this sample was also covered with a layer of uncapped QDs grown under the same conditions as those from the underlying layers.
The PL was measured at room temperature using a He-Ne laser as the excitation source. The emitted light was dispersed through a 1 m spectrometer and detected with a liquid nitrogen cooled Ge detector. The X-STM measurements were performed on a ͑1 1 0͒ surface plane of in situ cleaved samples under UHV ͑p Ͻ 4 ϫ 10 −11 Torr͒ conditions at room temperature. Polycrystalline tungsten tips prepared by electrochemical etching were used. The images were obtained in constant current mode at high negative voltages ͑ϳ3 V͒. Standard tapping mode AFM measurements with antimonydoped Si tips were used to characterize the surface QDs.
III. RESULTS AND DISCUSSION

A. Optical properties
As shown in Fig. 1͑a͒ , by gradually increasing the Sb content in the capping layer the emission wavelength of the QDs can be redshifted, reaching almost 1.5 m. All the QDs in these samples are grown under the same conditions and have a similar size before capping ͑7.5Ϯ 0.5 nm height and 26Ϯ 2 nm base length͒, as measured by AFM in surface QDs. This means that the differences giving rise to the redshift originated during the capping process. The emission wavelength can therefore be controllably tuned within a very wide region ͑1150-1500 nm͒ by exclusively increasing the Sb content in the capping layer. However, two clear different optical regimes ͑regimes I and II͒ are observed as the Sb content is increased ͓Fig. 1͑b͔͒. For low Sb contents, the PL emission is progressively improved ͓reduced full width at half maximum ͑FWHM͒ and increased integrated intensity͔, reaching its optimum at a peak wavelength of ϳ1280 nm. For higher wavelengths ͑higher Sb contents͒ the PL is gradually degraded with increasing Sb becoming very broad for the longest wavelengths. Indeed, the presence of the first regime allows to obtain PL emission at 1.3 m with significantly improved optical properties compared to the shorter wavelength PL of the reference GaAs-capped InAs/GaAs QDs. A similar enhancement of the PL integrated intensity by one order of magnitude at 1.3 m has been obtained by exposing the QDs to Sb during 10 s and capping them with 3 ML of GaAs followed by 2 ML of GaSb. 19 Nevertheless, the enhancement was attributed in that case to Sb incorporation inside the QDs, 19, 20 while in our case the physical reasons are completely different, as it will be shown later.
Previous works have assigned the Sb-induced changes in the optical properties to the reduced strain and the transition from a type-I to a type-II band alignment ͑holes are confined in the capping layer͒. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] However, the evolution of the PL spectra with the Sb content within these two optical regimes cannot be explained by only considering these mechanisms. From PL measurements as a function of excitation power we see that the transition from a type-I to a type-II alignment happens at a longer wavelength ͑ϳ1350 nm͒ than the onset for the degradation of the optical properties ͑ϳ1280 nm͒. Indeed, sample B is the first sample to show a clear type-II band alignment behavior that is also present in all the QD layers emitting at longer wavelengths. This is evident from the observed blueshift of the PL peak energy with excitation power in those samples, which is not present in the shorter wavelength layers, as shown in Fig. 1͑c͒ for samples A and B. This blueshift arises from the band bending effect induced by the spatially separated photoexcited carriers in a type-II band alignment. 6 In the type-II samples, emission from excited states is present even at low excitation powers due to the increased carrier lifetime 7 ͓see the high energy tail in the PL spectra of the type-II samples in Fig. 1͑a͔͒ . In those cases, the FWHM used for comparison is that of the ground-state emission, and consequently, the presence of the excited states emission is not the reason for the strong FWHM broadening at long wavelengths. The observed evolution of the PL spectra must therefore be related also to structural changes.
B. Structural properties
A X-STM large scale topography image of the sample with four QD layers is shown in Fig. 2 . The Sb content in the capping layer was different in each layer, starting from 0% ͑reference GaAs-capped QDs͒ in the first layer. Only three layers ͑from now on L0, L1, and L2͒ are visible in the image. The last layer, with the highest Sb content, could not be analyzed due to bad cleavage probably due to too much accumulated strain. Nevertheless, a layer with high Sb content grown in another sample could be measured successfully ͑from now on called L3͒. From these high voltage ͑−3 V͒ images, the Sb content in the capping layer can be deduced by analyzing the outward relaxation of the cleaved surface. Under high voltage conditions, the electronic contrast is strongly suppressed and the measurements reflect mainly the topographic contrast, which is due to the outward relaxation of the cleaved surface due to the compressive strain stemming from the QDs and the wetting layer ͑WL͒. 21, 22 In our case, since the GaAsSb capping layer is also compressively strained, it will also contribute to the outward relaxation. The relaxation of the layer far from a QD ͑averaged over a ϳ80 nm wide region to avoid any possible effect of alloy fluctuations͒ was compared to calculations from continuum elasticity theory ͑Fig. 3͒. A finite element calculation was performed to solve the three-dimensional problem, in which an isotropic material is considered. Both the wetting layer and the capping layer were considered in the calculation and In and Sb segregations were also included. The measured thickness of the GaAsSb layer ͑4.0Ϯ 0.5 nm͒ is introduced in the model and the composition is changed until a good fit to the experimental profile is obtained. From the fits shown in Fig. 3 , the Sb content is deduced to be 0%, 7%, 11%, and 22% for L0, L1, L2, and L3, respectively.
A high-resolution image of a QD in L0, L1, and L3 can be seen in Figs. 4͑a͒-4͑c͒ , respectively. The measurement conditions ͑negative voltage͒ allow imaging group V elements so that the bright spots in images ͑b͒ and ͑c͒ represent individual Sb atoms in the As matrix ͑due to the different size and bonding configuration, Sb atoms appear brighter than As atoms͒. The bright spots in image ͑a͒ represent individual In atoms, which are visible through their distortion of the surrounding As atoms. The GaAsSb layer appears clearly as a distinct layer, which is hardly intermixed with the QDs and the WL ͑see also Fig. 2͒ . The interface between the QD and the capping layer is well defined especially in the lower Sb content layers L1 and L2 ͓see Fig. 4͑b͔͒ . This suggests that there is no Sb incorporation into the QDs. Further support for this conclusion can be obtained by applying a local mean equalization filter to the images ͑which eliminates the background contrast due to strain relaxation and enhances the contrast of individual Sb atoms͒. The average contrast between adjacent atoms in filtered images is the same in GaAsSb-capped QDs than in the QDs of the reference layer. It can therefore be concluded that there is no Sb inside the QDs contrary to what has been observed in InAs/GaAs QDs capped directly with 2.2 ML of GaSb. 20 Significant differences between the QDs in the different layers are already clear from these images. The size and shape of the QDs in each layer can be deduced by a statistical analysis of the relationship between the height and the base length in a large number of QDs. Considering the high uniformity observed by AFM ͓see Fig. 6͑a͔͒ , it is assumed for the analysis that all the dots in each layer are identical. After analyzing ϳ15 QDs in each layer, a linear dispersion, similar to that obtained in Ref. 23 , is found, indicating that the QDs have an ellipsoidal or lens shape ͑as also apparent from Fig. 4͒ with a base diameter of 24Ϯ 1 nm. This correlates very well with the 26Ϯ 2 nm diameter measured by AFM in similar surface QDs.
However, the capped QD height increases with the Sb content, as shown in Fig. 5 , in which the QD height normalized to the height of surface uncapped QDs is plotted as a function of the Sb content in the capping layer. The height differences must be originated during the capping process: the strong QD decomposition that takes place during capping with GaAs ͑Refs. 11-17͒ is reduced by the presence of Sb. Moreover, the reduction is proportional to the amount of Sb in the capping layer. The result is that the QD height is progressively increased when the amount of Sb in the capping layer increases. The dissolution process is found to be completely suppressed for an Sb content of 22% ͑the QD height measured by X-STM is the same that the one measured by AFM in uncapped QDs͒ but the linear regression in the figure shows that QD dissolution stops completely for a smaller Sb content of ϳ14%. For higher Sb contents, no further change in the QD height is expected. It is possible, therefore, to controllably tune the height of the InAs QDs by changing the Sb content in the capping layer between 0 and ϳ14%.
C. Regime I: from 1150 to 1280 nm
As we just showed, the QD height progressively increases with the Sb content and can be more than doubled by adding 14% Sb ͑the base length is found to be unaffected by the amount of Sb͒. This should strongly affect the optical properties, not only by redshifting the wavelength but also by increasing the PL intensity due to stronger carrier confinement. 24 The resulting enhancement of the electronhole wave function overlap is likely the reason for the improved PL integrated intensity obtained when the Sb content is initially increased. Moreover, since the dependence of the energy of the confined levels on QD size decreases when the QD size increases, 25, 26 taller QDs will show less dispersion in the effective band-gap energy for the same size fluctuations within the ensemble. This could explain the observed initial narrowing of the PL with the Sb content ͓Fig. 1͑b͔͒. The RT PL peak wavelength of L2 ͑11% Sb͒ is 1268 nm, very close to the ϳ1280 nm peak wavelength of the optimum PL spectrum. This means that regime I takes place for Sb contents up to ϳ11-12% coinciding with the region of progressively increased QD height ͑up to ϳ14% Sb͒. Therefore, the region of improved PL characteristics can be directly correlated with an increased QD height.
The presence of Sb in the growth front must have the effect of reducing the In-Ga intermixing, the main reason for QD decomposition during capping, 11, 12, 17 and this reduction is proportional to the amount of Sb within regime I. This phenomenon is likely due to the surfactant effect of Sb, which reduces the adatom surface diffusion on the growth front. Since intermixing takes place from the very initial stages of the capping process, 11, 16, 17 we can further confirm the X-STM results by an AFM analysis of surface QDs in which only 3 ML of GaAs͑Sb͒ are deposited. Once the thin capping layer is deposited, the sample is kept for 30 s under As 4 and then it is quickly cooled down. Figure 6 shows AFM images of uncapped QDs ͓Fig. 6͑a͔͒ and the same QDs capped with 3 ML of GaAs ͓Fig. 6͑b͔͒ or 3 ML of GaAsSb ͓Fig. 6͑c͔͒. When capping with GaAs, a strong intermixing occurs and the QDs are strongly dissolved resulting in an InGaAs thin layer. 17 This is why they are not visible in the image ͑only the few very big QDs initially present are still visible͒. The situation is very different when capping with GaAsSb. The QDs are still visible indicating a strong reduction in In-Ga intermixing and In segregation out of the QDs. Moreover, if the amount of Sb in the 3 ML of GaAsSb is increased, the height of the QDs increases ͓see Fig. 6͑d͔͒   FIG. 3 . ͑Color online͒ Measured ͑solid line͒ and calculated ͑dotted line͒ outward relaxation profiles of the four different layers studied by X-STM. The amount of Sb deduced was 0%, 7%, 11%, and 22% ͓͑a͒, ͑b͒, ͑c͒, and ͑d͒, respectively͔. The measured profiles are averaged to a wide region of ϳ80 nm to avoid any possible effect of alloy fluctuations. The spike observed in Fig. 3͑b͒ is due to a measurement artifact. The origin of this artifact is an adsorbate on the cleaved surface which is pushed by the tip in the direction along the WL.
confirming the correlation between the amount of Sb and the degree of reduced decomposition during capping ͑or the degree of increased QD height͒. During the decomposition process, the In which leaves the QDs moves back to the WL. This is evident from the fact that the amount of InAs in the WL is progressively reduced when the Sb content increases: from the fits shown in Fig. 3 , the amount of InAs in the WL of L0 ͑0% Sb͒, L1 ͑7% Sb͒, and L2 ͑11% Sb͒ is found to be 1.50, 1.32, and 1.16 MLs, respectively ͑the fact that the outward relaxation peaks of the WL and capping layer are distinguishable eliminates any uncertainty about the Sb and In contents deduced͒. Therefore, there is a strong mass transport process during capping with GaAs, but the In atoms from the top of the QDs are not being relocated on the QD base, 27 they contribute to form a thicker WL.
D. Regime II: from 1280 to 1500 nm
The previous results can explain the initial improvement in the PL spectra, but not the subsequent degradation. A second mechanism, competing with the first one, is likely responsible for this second optical regime. This mechanism is found to be related to alloy fluctuations in the capping layer. Figure 7 shows filled states high voltage images of L1 ͓Fig. 7͑a͔͒ and L3 ͓Fig. 7͑b͔͒. While in L1 there is no significant difference in brightness along the layer, in L3 some clearly brighter regions appear. As explained before, in high voltage images the relaxation is proportional to the strain and, therefore, to the Sb content: the brighter regions are Sb-rich regions and the darker ones Sb-poor regions. The Sb distribution is quite homogeneous in low Sb content samples, but for high Sb contents, Sb-rich clusters with a lateral size between 10 and 20 nm appear in the capping layer ͓see the arrows in Fig. 7͑b͔͒ . This strong composition modulation could be due to the large miscibility gap of GaAsSb. 28 By comparing the outward relaxation profile between Sb-rich and Sb-poor regions, the absolute value of the Sb fluctuations can be estimated to be 2%, 4%, and 12% in L1, L2, and L3, respectively. The alloy fluctuations are very small for low Sb contents but they increase with Sb, becoming very strong for Sb contents of 22%.
The observed clusters can act as GaAsSb/GaAs QDs, trapping holes and reducing the carrier injection efficiency in the InAs QDs, which would reduce the PL integrated intensity. Moreover, the composition modulation can be enhanced by the strain field of the QDs which propagates into the matrix. Since GaSb has a very similar lattice constant to InAs, from the point of view of the strain it will be favorable for Sb to accumulate on top of the partially relaxed InAs QDs ͑a similar process has been observed for InGaAs capping and columnar QD growth͒. 14, 29, 30 This is clearly observed in the X-STM measurements of L3, in which the amount of Sb on top of the QDs is much higher than around them ͓see Fig. 4͑c͔͒ . In the low Sb content samples, in which alloy fluctuations are very small, there is no Sb accumulation on top of the QDs ͓see Fig. 4͑b͔͒ . In this case, all of the QDs are covered by a very similar and uniform layer and therefore they have the same strain state and band offsets. The result is that the PL of the ensemble is narrow. When the Sb content is increased, the composition modulation becomes significant, introducing inhomogeneities in the composition of the capping layer on top of a single QD and between different QDs, which results in a PL broadening. The PL broadening is enhanced for the high Sb content type-II samples. In this case, the hole wave function is confined in the capping layer on top of the QDs and, therefore, different Sb contents on top of the QDs will have a much stronger impact on the hole energy levels. This is likely the reason for the strong increase in the FWHM of the type-II samples compared to the type-I ones. The observed PL degradation in regime II can therefore be explained by the presence of alloy fluctuations in the capping layer and strain-induced Sb accumulation on top of the QDs, together with the transition to a type-II band alignment.
We suggest that the Sb accumulation locally above the QDs is a step toward their extension by an Sb rich top. The interface between the QDs and the Sb-rich capping is starting to be less defined in the highest Sb content sample ͓see Fig.  4͑c͔͒ , which means that a weak intermixing ͑affecting only the first monolayer on top of the QD͒ could be already starting for an Sb content of 22%.
It must be noticed that, despite the presence of alloy fluctuations and the type-II band alignment, the integrated intensity of the longest wavelength samples is still slightly larger than that of the reference sample, indicating that these samples could still be very useful for applications in which a broad spectral range luminescence can be an advantage, like in semiconductor optical amplifiers. 31 The fact that the PL integrated intensity is not drastically decreased as a result of the transition to a type-II band alignment is likely due to the Sb accumulation on top of the QDs, which localizes the holes very close to the QDs and increases the electron-hole wave function overlap in comparison to a standard type-II QD system.
IV. CONCLUSIONS
While increasing the Sb content in GaAsSb-capped InAs/ GaAs QDs allows to shift the emission to longer wavelengths, two different optical regimes are clearly observed, which can only be explained by taking into account the structural changes. For small Sb contents up to ϳ12-14%, the QD height increases progressively with the amount of Sb, which improves the PL properties through an improved carrier confinement and a reduced sensitivity of the confined energy levels to size fluctuations. On the other hand, composition modulation in the capping layer also increases with the amount of Sb, and influences the PL emission for high Sb contents above ϳ12%, making the spectra broader and less intense. For high Sb contents of ϳ22%, the composition modulation is enhanced by the strain field of the QDs giving rise to inhomogeneous Sb accumulation on top of the QDs. Since this happens mainly in the type-II structures, with the holes confined in the capping layer on top of the QDs, it strongly affects the hole energy levels, resulting in a very broad PL emission. 
